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Abstract. Recently the atmospheric muon spectra at high energies were reconstructed for
two ranges of zenith angles, basing on the events collected with the IceCube detector. These
measurements reach high energies at which the contribution to atmospheric muon fluxes from
decays of short-lived hadrons is expected. Latest IceCube measurements of the high-energy
atmospheric muon spectrum indicate the presence of prompt muon component at energies above
500 TeV.
In this work, the atmospheric conventional muon flux in the energy range 10 GeV – 10 PeV
is calculated using a set of hadronic models in combination with known parameterizations of
the cosmic ray spectrum by Zatsepin & Sokolskaya and by Hillas & Gaisser. The calculation
of the prompt muons with use of the quark-gluon string model (QGSM) reproduces the muon
data of IceCube experiment. Nevertheless, an additional contribution to the prompt muon
component is required to describe the IceCube muon spectra, if a charm production model
predicts the appreciably lower prompt lepton flux as compared with QGSM. This addition
apparently originating from rare decay modes of the short-lived unflavored mesons η, η′, ρ, ω, φ,
might ensure the competing contribution to the high-energy atmospheric muon flux.
1. Introduction
High-energy atmospheric muons and neutrinos arise in weak decays of mesons produced in
cosmic ray collisions with the Earth’s atmosphere. Atmospheric muon flux is a tool to study the
cosmic ray spectrum and elemental composition if there is a reliable model for hadron-nucleus
interactions at high energies. Otherwise, if the elemental spectra of primary cosmic ray are well
studied, a comparison of calculated high-energy cosmic ray muon spectra with the experimental
data allows one to get characteristics of the hadron-nucleus interactions.
The atmospheric muon spectra at high energies were reconstructed for two ranges of zenith
angles basing on the events collected with IceCube detector [1]. These measurements are of
strong interest because they reach the high energies at which atmospheric muons from decays
of short-lived hadrons are expected. The IceCube+ IceTop combined analysis [2] resulted in the
reconstruction of the high energy muon spectrum separately, near vertical direction and close to
horizontal, that allows: (i) the comparison with the muon data of the ealier experiments; (ii) the
search of a reliable model for high-energy hadronic interactions; (iii) the detection of the prompt
muons component.
We calculate the atmospheric muon spectrum in the energy range 10 GeV-10 PeV using the
hadronic models Kimel & Mokhov [3, 4], QGSJET-II [5, 6], SIBYLL 2.1[7], EPOS-LHC [8, 9], in
combination with known parametrizations of the cosmic ray spectrum by Zatsepin & Sokolskaya
(ZS) [10] and by Hillas & Gaisser (H3a) [11]. The prompt muon contribution calculated with use
of the quark-gluon string model (QGSM) [12] is compatible with recent IceCube measurements
up to PeV energies. However in case of using the updated version of the QGSM [13, 14] or
other models of the charm production, which lead to appreciably lower prompt lepton flux, we
find that an additional contribution to the prompt muon component is required to describe the
IceCube muon spectra. This component can originate from rare decay modes of the short-lived
unflavored vector mesons (η, η′, ρ, ω, φ) [15, 16] which contribute to the high-energy atmospheric
muon flux.
2. Methods of the calculation
The muon flux computations are performed with Z(E, h)-method for solution of atmospheric
hadron cascade equations [17, 18]. The method enables one to calculate atmospheric fluxes of
mesons, nucleons, muons [19, 20] and neutrinos [21] for non-power primary cosmic ray spectra,
non-scaling inclusive cross sections and rising cross sections of inelastic hadron-nucleus collisions.
Besides, we have performed the calculation with different approach, Matrix Cascade Equations
([22, 23], using the free access package МCEQ [24] (details of the comparison with Z(E, h)-
method see in [25, 26, 27]). The calculations are performed for a set of hadron-nucleus interaction
models using the parametrizations of the primary spectrum based on experiments. Besides
parametrizations of cosmic ray spectra by Zatsepin & Sokolskaya and Hillas & Gaisser (H3a) we
use also the Nikolsky, Stamenov and Ushev model (NSU) [28] and the Elrykin, Krutikova and
Shabelsky one (EKS) [29], as well as the toy model by Thunman, Ingelman and Gondolo (TIG)
[30], in order to compare results of updated calculations with those of past years.
3. Energy spectra of atmospheric muons
The spectrum of atmospheric muons near the vertical is shown in figure 1. Data of last
decades measurements at θ = 0◦ (points) and calculation results (set of curves) are presented.
Experimental data are taken from Refs. [18, 19, 20] (see references therein). Muon data of
the BUST experiment (Baksan, 2009) were taken from Refs. [31, 32]. Earlier predictions for
the conventional muons [18] are represented by lines 2, 3 obtained with the comsic ray spectra
NSU and EKS correspondingly. Line 1 illustrates the prompt muons contribution calculated
with the early version of QGSM [12]. The rest lines show the calculations with hadronic models
Kimel & Mokhov (КМ), SIBYLL 2.1, QGSJET II-03 combined with CR spectra by Zatsepin &
Sokolskaya (ZS) and by Hillas & Gaisser (H3a). Filled small squares represent the recent results
of the combined IceCube+ IceTop measurements [2].
In figure 2, the calculated muon spectrum is compared with the best fit [2] for
IceCube+ IceTop data, valid in the energy range 6 − 400 TeV for near vertical directions
(cos θ > 0.88) (solid line):
dΦµ
dEµ
= (9.0 ± 0.3) · 10−17
(
Eµ
50 TeV
)−3.74±0.03
, cm−2s−1sr−1GeV−1.
Our calculations with EPOS-LHC and КM combined with H3a spectrum lead to the muon
spectrum compatible with the fit, excepting the energy range beyond 200 TeV.
The IceCube muon spectra [1] for zenith angles θ < 60◦ and θ > 60◦ are shown in figures
3, 4 along with our calculations. These figures display the clear evidence in favor of the muon
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Figure 1. Calculated muon flux at θ = 0◦ (curves) vs. the experimental data of last decades
measurements (see text) and latest results of the IceCube + IceTop recontruction [2].
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Figure 2. Calculated muon spectrum near the vertical and the best fit [2] for IceCube+ IceTop
data in the energy range 6 − 400 TeV (red line). Curves: EPOS-LHC, КM, and SIBYLL 2.1
combined with the cosmic-ray spectrum H3a.
component with harder spectrum than is expected for the conventional flux. Such behavior is
consistent with sizable contribution of prompt muons, and thus the IceCube experiment reveals
the hard component, inspite of large errors. As can be seen from the calculated curves in figure 3,
at energies above 100 TeV the slope of the conventional muon spectrum increases by ∼ 0.3 due to
the knee of the cosmic ray spectrum. At angles θ > 60◦ (figure 4), the difference between expected
conventional flux and measured one is less as compared with that in figure 3, because of zenitn-
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Figure 3. IceCube data measurements [1] for zenith angles θ < 60◦. Curves: calculations for
hadronic models QGSJET II-03, SIBYLL 2.1, EPOS-LHC and КM combined with the cosmic-ray
spectrum H3a.
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Figure 4. IceCube data measurements for θ > 60◦ and calculations. The same notation as in
figure 3.
angle enhancement of the conventional muon flux. The prompt muon component calculated with
QGSM, being added to the conventional flux, agrees well with the IceCube data in both angle
intervals.
The all-sky reconstruction of the atmospheric muon spectrum in IceCube experiment [1] is
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Figure 5. IceCube data (points) and calculations using EPOS-LHC, КM, SIBYLL 2.1, and
QGSJET II-03 combined with cosmic-ray spectra models H3a and ZS. Contribution of vector
mesons decays (η, η′, ρ, ω, φ): solid cyan line – [16]; black dash-dotted – this work (EPOS-LHC).
shown in figure 5. The set of curves shows the muon spectra calculated using models EPOS-
LHC, КM, SIBYLL 2.1, and QGSJET II-03 with the CR spectra ZS and H3a. Also shown
are the preceding QGSM calculations [12, 19] of the prompt muon flux (black dashed line) and
that with updated version of QGSM [14], performed for the same choice of the CR spectrum
(NSU) (red dotted), and beside, for the TIG spectrum (black thin line). The upper three
curves present the sum of conventional and prompt muons (pm) [19]: the red solid (top) line
corresponds the model KM+H3a+pm; blue solid – the same for SIBYLL 2.1; green dash-dotted
– SIBYLL 2.1+ZS+pm. The result derived for EPOS-LHC (black solid line represents the
conventional flux) is close to that for КМ model. Solid cyan line corresponds to the contribution
from decays of the unflavored mesons, taken from Ref. [16] (SIBYLL 2.1+TIG). Black dash-
dotted line corresponds to this work calculation with EPOS-LHC.
We may summarize: the calculation of the all-sky muon spectrum with use of models KM or
EPOS-LHC (conventional flux) in combination with QGSM (prompt muons), describes well the
IceCube measurement data.
4. Conclusions
The comparison of the calculated high-energy atmospheric muon spectra with recent
measurements of IceCube experiment, as well as with prior ones, justifies the proper consideration
of the muon production in hadron showers, and reliability of the performed calculations.
Atmosperic muon spectra calculated with hadronic models, EPOS-LHC, Kimel & Mokhov,
SIBYLL 2.1 are consistent with recent experimental results. The computation for EPOS-LHC
combined with the Hillas & Gaisser cosmic ray spectrum leads to closest agreement with the
best fit of IceCube [2] in the energy range 6 − 400 TeV.
High-energy spectra of atmospheric muons for two zenith-angle ranges, reconstructed in
IceCube experiment, evidence the prompt muons contribution. In spite of rather large
errors, the experimental points against the background of the conventional atmospheric muons
unambiguously indicate the presence of prompt muons at energies beyond 500 TeV. The discovery
of the prompt muon component is the most important result of the latest measurement of the
cosmic-ray muon spectrum in IceCube experiment.
The prompt muon flux calculated with use of the quark-gluon string model [12] is compatible
with these IceCube measurements up to PeV region. However, usage of the updated version of
the QGSM [13, 14], as well as different “low-flux” models of the charm production, leads to the
appreciably lower prompt lepton flux as compared with Ref. [12]. In that case, an additional
contribution to the prompt muon component is required to describe the IceCube measured muon
spectra.
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